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Chemiluminescence(CL) is process when the electronically excited product of a 
chemical reaction relaxes to its ground state with emission of photons. CL have advantages 
for applications in analytical chemistry, such as high sensitivity, wide linear range, simple 
and inexpensive instrumentation, low background noise. Reactive oxygen species can 
generate electronically excited products, which emit the weak CL during their decay to the 
ground state. However, it is difficult to detect the light emission directly by CL techniques 
because of the ultra-weak CL emission from ROS. The emphasis of this thesis is on the 
development of novel reactive oxygen CL system based on nanoparticles. The mechanism 
and the potential application of the established CL system are investigated. The main 






(1) Firstly, Chapter 1 introduced the concept of chemiluminescence and reactive oxygen 
species. The classification, generation and detection of ROS, the reactive oxygen 
chemiluminescence system including chemiluminescence from oxidation of lumiol by 
reactive oxygen speices and hydrogen peroxide-based chemiluminescence system are 
reviewed.  
(2) Chapter 2 developed a novel synthetic method for fluorescent carbon nanoparticles 
(FCNs) using acetic acid as carbon precursor. It was found that the FCNs exhibited 
excellent chemiluminescence feature. The FCNs are the new bifunctional CL reagent 
molecule for H2O2-based chemiluminescence system because of its oxidation and sensitizer 
roles in the reaction with luminol, NaHCO3 and NaHSO3. 
(3) Chapter 3 demonstrated strong chemiluminescence (CL) of nitrogen doped carbon 
dots (N-CDs) due to hydroxyl radical (•OH) induced electron-hole transition in N-CDs. The 
introduction of N-CDs drastically enhanced the CL intensity of Fe2+-H2O2 system. A 
pre-mixed NCDs/H2O2 solution was utilized for selective quantification of Fe
2+ in solution 
via CL-emission. The CL mechanism is illustrated based upon the CL spectrum, UV-visible 
spectrum, fluorescence spectrum, electron paramagnetic resonance spectrum experiment. 
The CL intensity of the system is dependent on the concentration of Fe2+. Based on the 
principle, the CL method have been applied to practical evaluation of N-CDs/H2O2 system 
for detection of Fe2+ in tap, lotus pond, and canal water samples.  
(4) In chapter 4, we demonstrate the promising capability of molybdenum 
sulphide-quantum dots (MoS2-QDs) for generation of ROS, which leads to enhance 
chemiluminescence. We explored the mechanism that MoS2-QDs enhance the reactive 
oxygen cheimluminescence. The excellent ROS generation capability of MoS2-QDs 
provide a new pathway for ROS generation at whole pH-range and has great great potential 
in organic pollutants degradation and chemo-dynamic theraphy. 
(5) In Chapter 5, the principal findings and results of this thesis are briefly summarized. 
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Chapter 1  Introduction 
 
1.1 Foreword 
Since the development of chemiluminescence in the 1920s, significant progress has 
been made. Developments in nanomaterials science provide new opportunities for 
chemiluminescence. Nanomaterials not only improve the efficiency of chemiluminescence 
reaction also promotes the development of new chemiluminescence system. This chapter 
introduces the reactive oxygen chemiluminescence system, and summarizes the reactive 
oxygen chemiluminescence mechanism and development trend, focusing on the research 
status and application prospects of nanomaterials in enhanced chemiluminescence. 
1.2 Principium of Chemiluminescence 
Chemiluminescence (CL) is generated when the electronically excited product of an 
chemical reaction relaxes to its ground state with emission of photons. Unstable products 
are produced from intermediate radicals in the CL reaction process. The energy released 
from the chemical reaction can induce the electron transition from its ground state to an 
excited electronic state. These highly excited species deactivate to ground state, 
accompanied with CL emission. Chemiluminescence has been widely used in many fields 
such as drug analysis1-3, clinical testing4-6, and environmental monitoring7-9. The CL 
method has the advantages of mild reaction conditions and easy control. In addition, 
chemiluminescence as an analytical method also has its unique advantages： 
1) Unlike fluorescence analysis and UV-visible analysis, no external light source is required 
for CL, which make it easy to combine with other instrument such as chromatography, 
capillary electrophoresis. 
2) Chemiluminescence analysis has high sensitivity. The main reason is that the excitation 
energy of chemiluminescence comes from chemical reactions (mostly redox reactions). 
Therefore, chemiluminescence analysis eliminates Rayleigh and Raman scattering, 





signal-to-noise ratio, and its detection limit can be as low as attomole (10-18) or even 
zeptomole (10-21) level. 
3) Chemiluminescence analysis can be widely used for the detection of a wide variety of 
compounds, which take part in CL process such as CL substrates, catalyst or inhibitors 
and sensitizers.  
1.3 Reactive oxygen species 
1.3.1 Summary of Reactive Oxygen Species 
Reactive oxygen species (ROS) is a collective term of oxygen free radicals and 
molecule, which contain one or more unpaired electrons. The presence of unpaired 
electrons generally imparts a higher reactivity to the free radicals. ROS mainly include an 
excited state of oxygen molecules, ie, singlet oxygen molecules (1O2), three kinds of 
oxygen-containing free radicals, namely superoxide anion radical (
.
O2
-), hydroxyl radical 
(
.
OH) and hydroperoxy radical (HO2
.
); nonradicals that are either oxidizing agents  that 
are easily converted into radicals, such as hydrogen peroxide (H2O2), lipid peroxide 
(ROOH), HOCl, ozone (O3), peroxynitrite (ONOO
-). 
Those radicals derived from oxygen represent the most important class of such species 
generated in living systems. ROS are recognized to play a dual role in biological systems 
because they may be harmful or beneficial to living systems. The beneficial effects of ROS 
are related to the physiological effects of cellular responses to hypoxia, such as in the 
defense of infectious agents and in the function of many cellular signaling systems. In 
contrast, the high concentrations of ROS can be damage to DNA and cell structures10-11. For 
example, ROS can have the following effects: 1) Cause structural alterations in DNA, e.g. 
base pair mutations, rearrangements, deletions, insertions and sequence amplification12-14. 2) 
Affect cytoplasmic and nuclear signal transduction pathways15. 3) Modulate the activity of 
the proteins and genes that respond to stress and which act to regulate the genes that are 
related to cell proliferation, differentiation and apoptosis. 
1.3.2 Classification of Reactive Oxygen Species 









  Superoxide anion radical is generated when molecular oxygen undergoes a single 




 is a transient intermediate which is 
short-lived in aqueous solution with a lifetime of about 1 second. This short lifetime in 




 to H2O2 (k= 5×105 M-1·s-1)16. 
The dismutation reaction can be catalyzed and speed up by superoxide dismutase (SOD) 
almost 104-fold (rate constant= 1.6 ×109 M-1·s-1)17. The superoxide anion radical can 







- + 2H+           H2O2 + O2 (1) 
1.3.2.2 Hydroxyl Radical (
.
OH) 
Of all the ROSs, the hydroxyl radical (
.
OH) is the most reactive oxygen radical. The 
half-life of 
.
OH is estimated to be 10-9 s. The oxidation potential of hydroxyl radical is 2.8 
eV, which can can rapidly oxidize most organic substances. A number of studies have 
focused on its role as an oxidant in the environment. The hydroxyl radical reacts rapidly 
with many organic substances in water and is, therefore, a potential oxidant of organic 
degradation in wastewater18. Therefore, research on hydroxyl radicals has become an 
important topic in the fields of biology, biochemistry and biomedicine. 
1.3.2.3 Singlet Oxygen (1O2) 
Singlet oxygen (1O2) are excited oxygen molecules with higher energy. It is strong 
electrophilic oxidant involved in chemical and biochemical reactions. Molecular orbital 
theory can explain its electronic structure. Singlet oxygen is diamagnetic with two spin 
antiparallel electrons. There are two electronic configurations: 1△g and 1∑g+, 95 kJ mol-1 
(22.5 kcal mol-1) and 158 kJ mol-1 (31.5 kcal mol-1)19 above the triplet state, respectively, as 
shown in Fig 1-1. The stable oxygen molecule is a triplet ground state (1∑g-) with two 
unpaired electrons distributed in the highest occupied orbitals. Rearrangement of the 
electron spins results in two singlet excited states (1△g and 1∑g+ ). 1∑g+ O2 possess higher 
energy(158 kJ mol-1), thus 1∑g+ O2 is short-lived with lifetime of 10
-11/10-9 s in solution20. 






 Fig. 1-1 Representations of molecular oxygen with singlet states and triplet states19 
 
 
Singlet oxygen can be generated by photosensitized method21-22, oxidation of H2O2
23-24 
and other chemical methods. Photosensitized method is simple and controllable for the 
production of 1O2, which require only oxygen, light source, and a photosensitizer. The 
photosensitizer molecule can absorb the energy from light and use that energy to excite 
oxygen to its singlet state.  
1O2 is gaining increasing interest as a chemical and biological oxidant. 
1O2 is used 
extensively in organic synthesis25-26 and wastewater treatment because of its high chemical 
reactivity. Photodynamic therapy (PDT) uses the combination of a photosensitizer and light 
(Fig 1-2)27 to cause selective damage to the target tissue. Singlet oxygen is known to play 
the major role in this effect, and application of this effect to blood sterilization, cancer 
therapy.  






1.3.2.4 Hydrogen Peroxide (H2O2) 
Hydrogen peroxide is a strong oxidant and can be regarded as a product of 
two-electron reduction of oxygen molecules. In general, hydrogen peroxide is the source of 
more reactive oxygen radicals. For example, hydroxyl radical could be generated from 
H2O2 by radiation method
28-29 and chemical method30-31. In the presence of transition 
metals such as iron or copper, hydrogen peroxide can be reduced to the extremely reactive 
hydroxyl radical (
.
OH)32.   
1.3.3 Process of Reactive Oxygen Species Formation 
A detailed description of the ROS formation is provided in this section, focusing on 
the ROS formation reactions. In this section we highlight three different ROS generation 
processes, which are radiation, photolysis and photocatalysis and chemical reaction.  
1.3.3.1 Radiation 
Radiation technologies are frequently applied for ROS formation. The radiolysis of 
water by high energy radiation (α, β and γ ) induced the production of ROS (such as 
.
OH, 
H2O2 and  
.
HO2 ) from the radiolysis of water
33-34. The hydroxyl radicals (•OH) is the 
main oxidizing species produced in water radiolysis. The H2O2 and 
.
HO2 species are also 
generated inter-radical reactions as below: 
 








OH         H2O2                  (3)
35 
.
OH + H2O2            H2O + 
.
HO2             (4)
35 
1.3.3.2 Photolysis and photocatalysis 
Photons of relatively low energy, such as those in the visible and UV frequency range, 
are often used as an effective photolysis source for ROS production36-38. In general, 
ultraviolet photolysis combined with hydrogen peroxide is alternative for the ·OH 
generation39. The ·OH produced through UV/H2O2 system as shown in Eq. 5. In addition, 
less reactive HO2
.
 radicals are formed by reaction between the hydroxyl radical and 






H2O2 + hυ           2 
.
OH                  (5) 
.
OH + H2O2               H2O + HO2
.         (6) 
 
The photolysis of aqueous chlorine at sunlight and ultraviolet wavelengths can also 
induce the production of hydroxyl radical.  
 




               (7)41 
 
Photocatalysis method is the combination of ultraviolet photolysis with photocatalysts. 
In the photocatalysis process, semiconductor such as TiO2, ZnO, is a commonly used 
photocatalyst42-44. During irradiation of semiconductor with UV, semiconductors adsorb the 
photons and electron (e-)–hole (h+) pairs are generated. The photogenerated holes reach the 
surface of TiO2 and react with hydroxyl groups or water to form ·OH radicals.  
 
TiO2 + hυ           ecb
- + hvb
+               (8)45 
hvb
+ + OH-          
.
OH                    (9) 
hvb
+ + H2O          
.
OH + H+               (10) 
 
Other reactive oxygen species such as 
.
O2
- and H2O2 produce from the reduction site. 
 
ecb
- + O2           
.
O2




- + 2H+            H2O2             (12) 
 
The requirement of costly UV light (<387 nm) limit the wide application of TiO2 
photocatalyst. Zhao et al. developed photocatalysts activated by visible light by doped 
TiO2( NF-TiO2, PF-TiO2 and S-TiO2)
45. Nitrogen and fluorine doped TiO2 (NF-TiO2) can 
not only decrease the band gap of TiO2, but also inhibit electron (e
-)–hole (h+) pairs 
recombination(Fig 1-3 B).  Okuno et al46. prepared Au-deposited mesoporous SiO2-TiO2 
photocatalyst and photocatalytic activities under individual ultraviolet (UV) and visible 






















Fig. 1-3 (A) The photocatalysis process of TiO2(B) The photocatalysis process of N–F doped TiO245 (C) 
Schematic illustration of Au/SiO2-TiO2 under simultaneous irradiation of UV and Vis light46 
1.3.3.3 Chemical reaction 
Redox reaction is a common method for generating active oxygen at room temperature. 
The chemical reactions are almost based on hydrogen peroxide redox reaction, which 
contain H2O2-NaHCO3, H2O2-NaHSO3, H2O2-NaClO, H2O2-NaIO4 reaction
47-50. In 
addition, transition metal ions are used for decomposition of peroxides at relatively low 
temperatures to produce reactive oxygen species. For example, in the presence of ferrous 
ions, H2O2 is converted into 
.
OH by Fenton reaction51: 
H2O2 + Fe
2+ + H+          Fe3+ + 
.
OH + H2O         (13) 
1.3.4 Detection method for Reactive Oxygen Species 
Nowadays, many methods have been developed to detect reactive oxygen species, 
such as electron spin resonance (ESR), fluorescence assay and chemiluminescence method. 






Electron paramagnetic resonance, is a powerful tool for studying chemical species or 
materials that have unpaired electrons. ROS are usually short-lived and present in low 
concentrations, which is a major difficulty to the detection of ROS. ESR spin-trap chemical 
was used to react with short-lived free radicals to form relatively stable adducts, which have 
a half-life long enough for ESR measurement52-53. 5,5,-dimethylpyrroline-N-oxide (DMPO) 
and 2,2,6,6-tetramethylpiperidine (TEMP) are widely used spin-trap chemical for ROS 
detection. TEMP can specific react with singlet oxygen to yield a nitroxide radical 
TEMPO54, as shown in Fig.1-4. Consequently, TEMP has widely been used for the 
detection of singlet oxygen. DMPO can be used to trap hydroxyl radicals and superoxide, 










Fig. 1-4 The scheme of spin-trapping chemicals react with reactive oxygen species 
1.3.4.2 Chemiluminesence 
Chemiluminescent detection of reactive oxygen species is based on the reaction 
between selected reactive oxygen species and a chemiluminescent probe. ROSs can 
generate electronically excited products, which emit the weak CL during their decay to the 
ground state. Although it is not easy to detect the light emission directly by CL techniques, 






Luminol is one kind of cyclic hydrazide compound, which is a commonly used 
chemiluminescence reagent as a result of its scientific and technological importance to 
clinical tests, biomolecule detection and trace detection56-60. Luminol chemiluminescence 
can be carried out in the presence of oxygen and alkaline conditions. In protic solvents, 
various forms of oxygen, such as molecular oxygen, peroxides, superoxide anions, etc., can 
oxidize luminol and its derivatives. Enzyme or transition metal ion as catalyst can 
significantly enhance chemiluminescence. 
 




Lucigenin has been employed extensively to react with superoxide radical, yielding a 
excited product that emits chemiluminescence. Lucigenin-enhanced chemiluminescence 
has been widely used in biological, such as monitor superoxide production in cells and to 
assess xanthine oxidase, NADPH oxidase61-64.  
lucigenin can react with superoxide radical, producing excited state N-methylacridone 
and emits photon upon relaxation to ground state. Measurement of the CL from this 













Fluorescence spectrometry is one of the analytical methods with high sensitivity and 
easy operation. Fluorescence probes have been widely used for detecting ROS in living 
cells65-66. Fluorescence probes exhibit high sensitivity and selectivity for ROS 
determination. For example, Masahiro et al. have designed fluorescence probe and 
utilizied it to selectively imaging of hydrogen peroxide generation in live cell67(Fig. 1-7 A). 
Majima et al68. propose a new far-red fluorescence probe of 1O2(Fig. 1-7 B). The prepared 
Si-DMA could selectively detect the 1O2 and was applied to visualized 
1O2 generated 










Fig 1-7 (A) Design of fluorescence probes for imaging of hydrogen peroxide in cell. (B) The synthesis 
of Si-DMA fluorescence probe and its application on visualizing 1O2 generated during PDT 
1.4 Reactive Oxygen Chemiluminescence 
1.4.1 Chemiluminescence from oxidation of lumiol by Reactive Oxygen Speices 
Since the first report of chemiluminescence from luminol was made by Albrecht, the 
reaction of luminol and other derivatives of the general hydrazide structure have been 
studied extensively. The reaction of luminol usually requires base, an oxidizing agent, and 
either oxygen or a peroxide, depending on the system. Among many CL systems, 
luminol–H2O2 system as one of the most common CL reactions has been widely used for 
immunoassay and DNA detection69-70. Luminol–H2O2 based chemiluminescent 
immunoassays are widely used in clinical analysis, bioanalysis and environmental 
measurements71-73. Hypochlorite, ferricyanide, and persulfate are commonly used oxidizing 
agents. In place of the oxidizing agents, chelated transition metal complexes, pulse 





The luminol chemiluminescence is mainly containing two parts. 
(1) The process leading to a key intermediate identified as an arninophthalate. 
(2) The decomposition of this key intermediate. 
The first part is heavily dependent upon the exact composition of the reacting system, 
e.g. overall concentrations, nature of the oxidant, additives, buffer and pH. The light yield 
increases with pH having an apparent pK at pH8.2. 3-aminophthalate is found in an 
electronically excited state and is responsible for the CL emission. 
1.4.2 Hydrogen Peroxide- Based Chemiluminescence 
1.4.2.1 Fenton/ Fenton Like System 
Fenton reaction is widely used in the practice of scientific research as a source of 
hydroxyl radicals. Fenton reaction leads to the light radiation detected by modern 
luminometer. the metal (M)-catalyzed decomposition of H2O2 , H2O2 is converted into 
.
OH 
by Fentons reaction74: 
 
Mn + H2O2        M
n+1 + 
.
OH + HO-          (14) 
 
The Fenton reaction initiated the formation of reactive oxygen species, which lead to 
chemiluminescence emission. A flash of light is observed when introduction of the Fenton 
reagent. The luminescent product is a singlet oxygen (1O2). The ROS generation reaction 
from Fenton reaction as below75: 
 
.
OH + H2O2           
.




OH            H2O + O2 + O2(




HO2              H2O2 + O2 + O2(
1△g)    (17) 
  
1.4.2.2 Peroxynitrite(ONOO-) Chemiluminescence System 
Peroxynitrite(ONOO-) is an important nitric oxide derivative. Peroxynitrite is unstable 
with the half-life of 10–20 ms, but sufficient to cross biological membranes, diffuse one to 








Fig 1-8 The formation of peroxynitrite (ONOO-) and interactions with biomolecule in alveolar 
macrophages.  
 





- is most probably the source 
of ONOO-. Moreover, the on-line mixing of acidified H2O2 with nitrite can also produce 
ONOO-. In acidic medium, nitrite reacts with hydrogen peroxide to form ONOOH, which is 
an unstable compound in acidic solution and can be decomposed into ONOO- in basic 





O2-              ONOO
-                    (18)77 
HNO2 + H2O2          ONOOH+H2O        (19) 
ONOOH + OH-         ONOO- + H2O        (20) 
 
There are some papers concerning the CL from ONOO-, which is enhanced by 
fluorescent compounds, and nanomaterials such as CdTe quantum dots, Mg–Al–carbonate 
layered double hydroxides, carbon nanodots and gold nanoparticles78-80. Carbonate was 
reported to react with ONOO- to yield an adduct ONOOCO2
- that decomposed rapidly 
into 
.
NO2 and carbonate radical (CO3
.-). CO3
.- converted to carbon dioxide in its excited 
form that result in the CL emission. Lin et al. reported the CL from peroxynitrous acid 







Fig 1-9 Schematic illustration of CL mechanism of carbon nano dots–NaNO2–H2O2–Na2CO3 system.  
 
1.4.2.2 H2O2- NaHSO3 system 
Stauff et al. has discovered the H2O2-HSO3
-
 CL phenomenon as early as the year of 
197582. In the reaction of HSO3
- and H2O2, HOOSO2
-
 is formed, which is unstable and can 
convert to •SO3
-
 anionic radical and •OH radical. CL emitting species such as 1O2 and SO2
* 
have been generated by radical reactions83.  
 
HSO3
- + H2O2         HOOSO2
- + H2O (21) 
HOOSO2
-           •SO3
- + •OH (22) 
.HO2 + .HO2              H2O2 + 
1O2 (23) 
•OH + HSO3




-         S2O6
2- (25) 
S2O6




*         SO2







Xue et al84. reported the enhancing effect of carbon nanodots on the H2O2–NaHSO3 
system. The carbon nanodots facilitated the emitter species generation of SO2
* and 1O2 in 
the H2O2–NaHSO3 system (Fig. 1-10 A). Plasmonic luminescent core–shell 
nanocomposites also enhanced the CL of H2O2–NaHSO3 system. The coupling of 
chemically induced excited states with surface plasmons was thought to bring about 



















Fig 1-10 (A) CL reaction mechanism for the H2O2-NaHSO3 carbon nanodots system (B) Mechanism of 
plasmonic luminescent nanocomposites-enhanced CL. 
 
1.4.2.3 Peroxymonocarbonate Chemiluminescence System 
Since the 1980s, it has been reported that peroxymonocarbonate (HCO4
-) can be 
formed with the reaction of hydrogen peroxide and bicarbonate. Chemiluminescence (CL) 
was produced with the decomposition of HCO4
-. It was the precursor of carbonate radical. I 





molecular pair [(O2)2*], and excited double (CO2)2*. 
 
HCO3
- + H2O2         HCO4
- + H2O (28) 
HCO4
















         1O2 + H2O2 (32) 
2 .O2- + 2 .O2- + 4H2O         (O2)2* + 2H2O2 + 4 OH- (33) 
.
OH + HCO3





         (CO2)2* + H2O2  
 
Many papers are focusing on enhancing the ultraweak CL of peroxymonocarbonate 
system. Surface-plasmon-assisted enhancement of the ultraweak CL using Cu/Ni metal NPs 
was reported86. It has been reported that protein-stabilized zinc/copper nanoclusters 
significantly amplified the CL of peroxymonocarbonate87. The amplified CL was induced 
















Fig 1-11 (A) Schematic illustration of CL process of the NaHCO3-H2O2 system in the presence of MNP. 





1.5 The Role of Nanoparticles in Chemiluminescence System  
Nanomaterial with excellent optical and electronic properties have been attracted 
much attention because of its potential application on chemiluminescence (CL). Many 
researches have been made on the nanoparticles-enhanced CL from different ultraweak CL 
systems, such as H2O2-NaHCO3, H2O2-NaHSO3, H2O2-NaNO2, H2O2-NaClO, H2O2-NaIO4, 
and so on88-90. Nanoparticles can also participate in CL reactions as catalysts or energy 
acceptor, or a direct oxidation and energy transfer taking place simultaneously to enhance 
the CL intensity. In this chapter, the role of nanoparticles in CL system is summarized.  
1.5.1 Direct Chemiluminescence 
In nanoparticles-based CL reactions, direct nanoparticles CL happens when chemically 
generated excitons relax with radiant energy emitting. For example, in the quantum dots CL 
reaction, an electron and a hole can be injected into the conduction band and the valence 
band of QDs respectively. Excitons are produced by the recombination of the injected 
electrons and holes. Zhang et al91. developed the CL system of CdTe 
QDs–calcein–K3Fe(CN)6. 3-mercaptocarboxylic acid (MPA) modified CdTe quantum dots 
(QDs) were used to greatly enhance the CL of the calcein–K3Fe(CN)6 system. The excited 
CdTe QDs generated directly from the oxidation of K3Fe(CN)6, which can transfer its 
energy to to the acceptor of calcein. 
 
K3Fe(CN)6 + CdTe QDs         K4Fe(CN)6 + CdTe QDs
* (35) 
CdTe QDs* + Calcein           CdTe QDs + Calcein* (36) 
Calcein*            Calcein + hυ (37) 
 
Lin et al92. reported new chemiluminescent properties of fluorescent carbon dots in the 
presence of classical oxidants, such as acidic potassium permanganate and cerium(IV). 
Oxidants, such as KMnO4 and cerium(IV), could inject holes into the carbon dots. The 
injection of holes into the carbon dots by oxidants increases the holes in the carbon dots and 
accelerates the electrons–hole annihilation, which results in energy release in the form of 
CL emission (Fig. 1-11A).  





quantum dots (QDs) with periodate (KIO4). Superoxide radical (O2
•−) was generated from 
the direct oxidation of CdTe/CdS/ZnS QDs by dissolved oxygen. QD(e-1se) and QD(h
+
1sh) 
excitons were formed via electron injection and hole injection from .O2
- and OH• 
respectively, which combined to generate QD* (Fig. 1-11B). 
 





- + 2H2O           
1O2 + H2O2 + 2 OH
- (39) 
•O2
- + H2O2           O2 + OH
• + OH- (40) 
QD + O2
•−          QD(e-1se) + O2 (41) 




1sh)           QD




















Fig 1-12 (A) Schematic illustration of FL and CL mechanism in carbon dots–KMnO4 and carbon 
dots–cerium(IV) systems. CL1 and CL2 represent two CL routes in the system. (B) Schematic 





 1.5.1 Chemiluminescence Catalyst 
The catalytic effect of nanomaterials on chemiluminescence (CL) has been studied by 
many research groups. The catalytic CL system based on nanomaterials have been designed 
of many sensors for analytical chemistry.  
It is reported that the catalytic effect or enhancement by nanomaterials of the CL 




by catalysts or enhancers. The nanomaterials, especially contains transition metal show 
strong catalytic effect on H2O2-based CL systems, such as luminol-H2O2, and lucignin- 
H2O2. 
Moreover, different morphology and components of catalytic nanomaterials led to 
different CL responses. For example, Lu et al94. examined the CL response of triangular 
AuNPs of the luminol-H2O2 system and compared it with spherical AuNPs. They found the 
asprepared triangular AuNPs displayed much stronger catalytic activity due to that 
triangular AuNPs possess higher surface-to-volume ratio and more active surface sites 
compared to spherical AuNPs. This facilitated the active oxygen intermediates generation 
and electron-transfer processes on the surface of triangular AuNPs. Moreover, the triangular 
AuNPs-catalyzed luminol-H2O2 system has been used to detect aminothiols with high 
selectivity and sensitivity. 
Fig. 1-12 TEM images of (a) 16 nm spherical AuNPs (b) 0.05% FSN synthesized triangular AuNPs. (c) 






Quantum Dots (QDs) can work as catalyst in CL systems due to the redox property of 
the discrete electron and hole states of QDs. The valence band and conduction band of QDs 
can be injected by a hole from a strong oxidizer and an electron from a reducer. Reactive 
short-lived radicals, such as 
.
OH, O2
•−, will be generated during the injection process. These 
radical species are able to oxidize CL reagents producing an enhanced CL, or forming CL 
emitters by radical reactions. Our previous work have reported Mn-doped ZnS QDs capped 
with L-cysteine could enhance the CL emission from the H2O2–NaClO system in alkaline 
medium95. The enhanced CL of NaClO–H2O2 originate from the catalysis of the sensitizer 
in producing reactive intermediates and electron-transfer process.  
Chemiluminescent efficiencies of the CL depended on the kinds of reactants and 
catalysts. Chen et al96. reported the enhanced CL of CdTe quantum dots on H2O2–NaHCO3 
system. The enhanced CL was induced by the excited CdTe QDs, which could be produced 
from the combination of hole (oxidized QDs (h+)) and electron (reduced QDs (e-)) injected 
QDs. They have studied the size effect the kinds of catalyst on CL of H2O2–NaHCO3 
system. CdS and CdSe QDs with emission wavelength of 549 and 607 nm were compared 
with CdTe QDs. They found that CdTe QDs could greatly enhance the CL intensity when 
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Chapter 2 The Novel Chemiluminescence of Carbon 
Nanoparticles with Luminol System and Application for 
Arsenic(Ⅲ) Detection  
2.1 Foreword 
Hydrogen peroxide as a source of reactive oxygen species has led to a new CL reagent 
molecule apart from oxalate ester peroxide, potassium permanganate(KMnO4)
1 and 
cerium(Ⅳ)2. In recent years, the reaction of hydrogen peroxide with luminol to obtain 
excellent CL signal has been widely applied in CL for bioanalysis and immunoassay3-4. To 
obtain efficient CL reaction, some nanomaterials such as quantum dots, layered double 
hydroxides have achieved more and more attention because catalytic effect, leading to 
excellent CL signal amplification for H2O2–luminol system
5-6. Ultra-weak CL as newly 
emerging CL system has drawn great interests. So far, hydrogen peroxide has been found 




-) and nitrite (NO2
-), however, the drawback of unstability 
and easy decomposition for H2O2 limited its popularization. Thus, the development of 
stable CL reagent molecule circumventing the above problems can provide a new way for 
ultra-weak CL.  
Fluorescent carbon nanoparticles (FCNs) have attracted considerable attention due to 
their advantages, such as low toxicity, biocompatible and high stability against 
photobleaching. Up to now, some works on peroxidase-like activities has been reported11. 
Here we found FCNs exhibited the activity as mimic of hydrogen peroxide. FCNs as a new 
luminescence reagent molecule can react with luminol, HCO3
- and HSO3
-, and emit 
chemiluminescence. The CL mechanism has been explored. The quenched CL intensity was 
observed with the addition of As(III) ion into a solution of FCNs-luminol system.  Based 
on this, a new chemiluminescence (CL) method for determination of As(III) ions in 






2.2 Experimental Section 
2.2.1 Materials and Chemicals 
Reagents. All chemicals used in our work were analytical grade and were used without 
any purification. diphosphorus pentoxide(P2O5), acetic acid(CH3COOH), sodium hydroxide 
(NaOH),  sodium hydrogen carbonate  (NaHCO3), sodium bisulfite(NaHSO3) and 
hydrogen peroxide (H2O2) were brought from Beijing Chemical Reagent Co. (Beijing, 
China). 2,2,6,6-tetramethyl-4-piperidine (TEMP), luminol and 2, 
2,-azino-bis(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) was purchased from J＆K 
Scientific. Ltd (Beijing, China). NaOH solution was prepared freshly before using. 
Apparatus. Batch CL experiments were carried out with a BPCL luminescence analyzer 
(Institute of Biophysics, Chinese Academy of Sciences, Beijing, China). The flow injection 
was performed with a flow CL analyzer (LumiFlow LF 800 detector, NITI ON, Funabashi, 
Japan). UV-vis spectra were collected by a UV-3900 spectrophotometer (Hitachi, Japan). 
Emission spectra were measured with a F-7000 fluorescence spectrophotometer (Hitachi, 
Japan). The Fourier Transform Infrared (FTIR) spectrum was obtained with FT-IR 
spectrometer (Massachusetts, USA). Electron paramagnetic resonance (ESR) spectra were 
measured on a Model JES-FA200 spectrometer (JEOL, Tokyo, Japan). Transmission 
electron microscopy image was recorded by a JEM 2010 electron microscope (JEOL, 
Japan). 
2. 2. 2 Synthesis and Characterization of Fluorescent Carbon Nanoparticles 
FCNs were synthesized according to the reported method by Chen et al12. First, 1 ml of 
acetic acid as carbon source was mixed with water (160 μL). Then homogeneous mixture 
solution was quickly added to 2.5 g of P2O5 in a 10 ml sample vial without stirring and then 
sticky brown product was obtained. The as-prepared FCNs  were  purified  by  dialysis  
for 24h(The  cut-off  of  the  dialysis  membrane equivalent to Mw ~ 1000). The 
FCNs solution was collected in a 25 ml volumetric flask to reserve, which was used as 





Scheme 1. Preparation procedure of fluorescent carbon nanoparticles (FCNs) 
2.2.3 The Chemiluminescence Experiments for Fluorescent Carbon Nanoparticles 
The kinetics of chemiluminescence system was studied by static injection system. The 
CL reactions were carried out in the glass cuvette placed in the cell, and the CL signal was 
collected by photomultiplier tube (PMT) on a BPCL luminescence analyzer. In a typical 
experiment for FCNs-NaHSO3 and FCNs-NaHCO3 system, 50 μL of FCNs solution was 
added to 50 μL of H2O2 solution in a cuvette first, and then 50 μL of NaHSO3 or NaHCO3 
was injected by a microliter syringe from the upper injection port. The CL signal was 
integrated for a 0. 1 s interval and the voltage of PMT was set at -1.3 kV. In a typical 
experiment for FCNs-luminol system, 50 μL of FCNs solution was added to 50 μL of 
luminol solution. The CL signal was integrated for a 0.01 s interval and the voltage of PMT 
was set at -1.0 kV. 
Flow injection systems were used to study factors affecting FCNs-luminol 
chemiluminescence, such as reactant concentrations, free radical quenchers and so on. The 
flow diagram of the flow injection system is shown in Figure 2-1.  





2.2.4 Chemiluminescence Spectra Measurement 
The CL spectra of FCNs-NaHSO3 and FCNs-NaHCO3 system were measured on a BPCL 
luminescence analyzer with high-energy cutoff filters from 400 to 640 nm between the flow 
CL cell and the PMT.  
The CL spectra of the CL system was determined by Hitachi's F-7000 fluorescence 
spectrometer combined with a flow injection system. The excitation source of the 
fluorescence spectrometer was turned off. The slit width of the emitted light was set to the 
maximum (20 nm), and the luminescence signal of the FCNs-luminol system in the 
full-band range was recorded.  
2.3 Results and Discussion 
2.3.1 The Characterization of Carbon Nanoparticles 
2.3.1.1 The Characterization by TEM 
In this experiment, the preparation of fluorescent carbon nanoparticles uses acetic acid as 
a carbon source, and the reaction of water with phosphorus pentoxide releases a large 
amount of heat, which promotes the carbonization and molecular polymerization of acetic 
acid. Therefore, during the preparation process, the water content directly affects the 
amount of heat released, which in turn affects the structure of the fluorescent carbon 
nanoparticles. We investigated the effect of water volume on the structure of fluorescent 
carbon nanoparticles by preparing FCNs with 80 ul and 160 ul of distilled water. As shown 
in Figure 2-2, FCNs with an average particle size of about 4～5 nm were prepared with 160 
ul of distilled water. The morphology of the particles was approximately spherical and had 
a graphite lattice structure. However, no fluorescent carbon nanoparticles were prepared 
with 80 ul of distilled water, but amorphous carbon nanoparticles with a particle size of 
about 10 nm were prepared. This is because a higher water content reacts with phosphorus 
pentoxide to release more heat, thereby promoting the lattice of carbon nanoparticle 


















Fig. 2-2 HRTEM image of the FCNs(A~C) and amorphous carbon particles(D). 
 
2.3.1.2 UV-Visible and Infrared Spectrum 
We characterized the UV spectra of FCNs and amorphous carbon nanoparticles, 
respectively. As shown in Fig. 2-3, both carbon nanoparticles have a broad absorption peak 
of 300 nm and a narrow absorption peak of 248 nm. The narrow absorption band at 248 nm 
may be due to the formation of a polyaromatic ring chromophore. The broad absorption 
peak at 300 nm is derived from the n→π* transition of the carbonyl (C=O). Fourier 
transform infrared (FTIR) spectra were examined to determine their surface group. It can be 
seen from the infrared spectrum (Fig. 2-3B) that the fluorescent carbon nanoparticle have a 
characteristic peak of a peroxy bond (～889 cm-1). The vibrations of C–OH(～3400 cm-1) 
and C＝O(～1642 cm-1) confirmed the existence of hydrophilic group such as hydroxyl 























Fig. 2-3 (A) The UV-vis spectrum of FCNs and amorphous carbon particles; (B) The IR spectrum of 
FCNs 
2.3.1.3 Fluorescence Property of Fluorescent Carbon Nanoparticles 
The FCNs thus prepared were suspended in water to yield a brown aqueous solution, 
which exhibited a bright green fluorescence under irradiation of an ultraviolet (UV) lamp 
( λ = 365 nm) (inset digital photo in Fig. 2-4 A).  It was noted that the FCNs exhibited 
λex-independent fluorescent feature and stability during pH range of 4-12(Fig. 2-4 B), 
which was very different with those of previously reported carbon nanoparticles. When the 
excitation wavelength was increased from 300 to 440 nm, the emission peak does not shift. 
At an excitation of 400nm, a maximum emission peak at 490nm was observed in FL 
spectrum. In addition, the effects of different pH of the solution on the fluorescence 
properties of the fluorescent carbon nanoparticles were investigated. Hydrochloric acid 
(HCl) and sodium hydroxide (NaOH) were used to adjust pH of FCNs solution. As shown 
in Fig. 2-4 B, FCNs exhibit stable fluorescence emission properties under different 
excitation wavelength in the range of pH 3~12, and their fluorescence emission intensity is 
not affected by pH changes. Fluorescent stability of fluorescent carbon nanoparticles makes 

















Fig. 2-4 (A) The fluorescence spectra of FCNs under different excitation wavelength. The inset in is the 
image of FCNs under ambient (left) and 365 nm UV light (right)；(B) The fluorescence property of 
FCNs under different pH conditions. 
 
2.3.2 The CL of Fluorescent Carbon Nanoparticles With Luminol and NaHCO3, 
NaHSO3 System 
2.3.2.1 The CL of FCNs with Luminol 
Alkaline condition combined with oxidizing agent are absolutely necessary condition 
for luminol CL. Herein, in absence of oxidant, a strong CL emission was obtained when 
FCNs solution was introduced into luminol in alkaline condition, similar to H2O2 reacting 
with luminol. The maximum CL intensity of the CL system was about 15 times larger than 
that of a conventional luminol–H2O2 CL system under identical experimental conditions 
(Fig. 2-5 A). No CL emission was observed for the control solution, including acetic acid 
and reaction solution of P2O5 after adding water, indicating the CL reaction of luminol with 
FCNs solution rather than with associated species present in the synthesis. In the presence 
of varying concentration of NaOH, the CL kinetics of FCNs- luminol system was examined. 
It is worth noting that differences in the CL kinetics are more pronounced (Fig. 2-5 B), 
















Fig. 2-5 (A)The comparison of CL signal for luminol-H2O2 system and luminol-FCNs system (High 
voltage was -1.1 kV; interval time was set for 0.01 s.) (B)The CL kinetic curves affected by varying 
NaOH concentration for luminol-FCNs system. (High voltage was -1.3 kV; interval time was set for 0.1 
s). The concentration of luminol is 10-5 M; the FCNs is in the dillution of 1:5000 with water. 
 
We used a flow injection system to study the effect of fluorescent carbon nanoparticles 
and amorphous carbon nanoparticles on the CL of luminol. As shown in Figure 2-6, the CL 
intensity of FCNs-luminol is 90 times than that of amorphous carbon nanoparticles-luminol 
CL. This may be due to the fact that fluorescent carbon nanoparticles have a graphite lattice 

















2.3.2.2 The CL of FCNs With NaHCO3, NaHSO3 System 
Surprisingly, FCNs was also found can react directly with NaHCO3 and NaHSO3 
solution and produce CL emission. The CL of FCNs-NaHSO3 and FCNs-NaHCO3 system 
also exhibit NaOH-dependent property (Fig. 2-7). The CL intensity increased with the 











Fig. 2-7 (A) The CL kinetic curves affected by varying NaOH concentration for FCNs-NaHCO3 system. 
(High voltage was -1.3 kV; interval time was set for 0.1 s.) (B) The CL kinetic curves affected by 
varying NaOH concentration for FCNs-NaHSO3 system. Conditions: The concentration of the FCNs is 
in the dillution of 1:5000 with water. The concentration of NaHCO3 and NaHSO3 are 0.1M. 
   
  It is commonly known that the CL generated from reaction of hydrogen peroxide with 
luminol, NaHCO3 and NaHSO3. Based on the above results, we have found FCNs exhibited 
mimic of hydrogen peroxide CL performance. We have perform experiments to clarify the 
mechanism. 
2.3.3 Exploration of CL Mechanism 
According to our previous reports, the CL could be triggered by the reaction of carbon 
dots (CDs) with dissolved oxygen in strong alkaline condition, during the process 
superoxide anion radical was generated by the electron transfer from CDs to dissolved 
oxygen. The CL of FCNs in the absence of luminol in the same alkaline conditions was 









Fig. 2-8 The comparison of CL signal for FCNs-NaOH and FCNs-luminol system. Conditions: High 
voltage was -1.1 kV; interval time was set for 0. 1 s. The concentration of luminol is 10-5 M; The 
concentration of NaOH is 0.1 M; the FCNs is in the dillution of 1:5000 with water. 
 
Under the same experimental conditions, the CL of FCNs with NaOH is negligible 
compared to FCNs-luminol system, which imply there is no contribution from 
FCNs-luminol system, unlike CDs. Meanwhile, no CL was observed of luminol, NaHCO3 
and NaHSO3 system initiated by CDs solution in the same alkaline conditions (Fig 2-9 and 

























Fig. 2-9 The CL files luminol-FCNs, luminol-CDs and luminol-H2O2 system with the same NaOH 
concentration of 0.1M. Conditions: High voltage was -1.2 kV; interval time was set for 0.01 s. The 
concentration of luminol is 10-5 M; the FCNs is in the dillution of 1:5000 with water. The CDs is in the 
dillution of 1:100 with water. 
Fig. 2-10(A) The CL files NaHCO3-FCNs, NaHCO3-CDs and NaHCO3-H2O2 system with the same 
NaOH concentration of 0.1M. Conditions: High voltage was -1.4kV; interval time was set for 0. 1 s. The 
concentration of NaHCO3 is 0.1M; the FCNs is in the dillution of 1:5000 with water. The CDs is in the 
dillution of 1:100 with water. (B) The CL files NaHSO3-FCNs, NaHSO3-CDs and NaHSO3-H2O2 system 
with the same NaOH concentration of 0.1M. Conditions: High voltage was -1.3kV; interval time was set 
for 0. 1 s. The concentration of NaHSO3 is 0.1M; the FCNs is in the dillution of 1:5000 with water. The 





As we know, CL emission is usually accompanied by occurrence of redox reaction. As 
our previous reports, H2O2 as a conventional oxidant could react with luminol, NaHCO3 
and NaHSO3 emitting CL.  However, in our work, for these three systems did not involve 
any oxidant. Based on above phenomenons, there are some questions to be asked. 1) How 
the CL reaction occurred in the absence of any oxidant? 2) if superoxide anion was 
produced for FCNs similar to CDs, subsequently, H2O2 was possibly generated by radical 
reaction? 3) if there was no production of H2O2, did FCNs act as role of H2O2 to react with 
luminol, NaHCO3 and NaHSO3. 
2.3.3.1 Exclude The Possibility of Hydrogen Peroxide Production 





 radical) chain reaction in the system. Electron paramagnetic resonance (ESR) was 










) via forming stable DMPO/
.
OH and DMPO/ O2-
.
 adduct respectively, 




.  However, in 
our CL system, we do not observed any ESR signal of DMPO/
.
OH and DMPO/ O2-
. 
adduct(Fig 2-11). Therefore, we speculate H2O2 was not produced in the system. This result 
provide evidence that the strong CL does not from the possible H2O2 produced in system, 



















Fig. 2-11 (A) ESR spectra of DMPO adduct by .OH and O2 -. trapped with DMPO in (1) luminol solution 
and (2) FCNs-luminol system. (B) The specific ESR spectra of DMPO/.OH and DMPO/ O2 -. adduct 
which from ref. 1(Hui Chen et al. 2010)13 and ref.2(Yasuko Noda et al. 1997)14. 
2.3.3.2 Confirmation of Oxidizability of Fluorescent Carbon Nanoparticles 
In order to clarify if FCNs possess oxidizability, some experiments are carried out. 
Firstly, the UV-vis absorption spectra of luminol in before and after reaction with FCNs 
solution was analyzed. The UV-vis spectrum showed disappearance of characteristic band 
for luminol after reacting with FCNs (Fig. 2-12 A). In addition, the CL spectra (Fig. 2-12 B) 
showed that the maximum emission wavelength was centered around at 425 nm, indicating 
that the luminophor was 3-amino-phthalate (AP), an oxidation product of luminol15. 
Therefore, it was suggested that luminol was oxidized by FCNs solution during the CL 


























Fig. 2-12 (A) The UV-vis absorption of luminol solution and after the addition of FCNs solution. (B) 
The CL spectrum of luminol-FCNs system. Conditions: the CL spectrum was measured by fluorescence 
spectrometer with Xe lamp turned off. The concentration of luminol is 10-5 M. 
 
 
The CL spectra of FCNs-NaHCO3 and FCNs-NaHSO3 system located at 430 nm and 
445 nm respectively (Fig 2-13), which were different from fluorescence emission of FCNs 
at 490 nm. 
 
 









It has been reported that 2, 2,-azino-bis(3-ethyl-benzothiazoline-6-sulfonic 
acid)(ABTS)  could  be oxidized by hydrogen peroxide under horseradish 
peroxidase(HRP) catalysis, accompanied by color change18. We supposed that FCNs 
solution might be similar to hydrogen peroxide in terms of oxidative activity. Fig. 2-14 
showed that oxidation product of ABTS was formed after addition of FCNs solution. With 
addition of various concentration of FCNs solution, the absorption at band of 337 nm 
decreases markedly, correspondingly, an intense absorption band at 414 nm grows in 
simultaneously with the decrease in absorption at band of 337 nm, consistent with oxidation 
of ABTS to ABTS.+. These observations provide proof that FCNs solution possess the 
mimic of hydrogen peroxide oxidation property to react with ABTS.  
 
 
Fig. 2-14 The UV-vis spectra of ABTS upon the addition of H2O2 and different dilution of FCNs solution 
under horse radish peroxidase (HRP) catalyst condition. (The peak at～337 nm is characterized by 
ABTS, and the peak centered at ～414 nm is characterized by ABTS.+)19. The concentration of ABTS is 










luminol could react with oxygen molecule producing singlet oxygen. In order to 
further verify the above speculation, we investigated the change of singlet oxygen before 
and after the addition of FCNs into luminol solution by electron paramagnetic resonance 
(ESR). As shown in Fig. 2-15, comparing reaction with oxygen, addition of FCNs solution 
to luminol cause  significantly decrease of singlet oxygen production, which indicated the 















Fig. 2-15 The ESR spectra of nitroxide radicals formed by the reaction of TEMP and 1O2 in (1) 
luminol-H2O2 system and (2) luminol-FCNs system. Conditions: the concentration of luminol is 10-5 M. 
















It was reported that acetyl peroxide could be produced when acetate is heated11. 
Therefore, it was deduced that the peroxide group was produced during the FCNs 
preparation process, which was certified by the existence of a peroxide bond (O–O) by 
FTIR16-17. Therefore, we propose that the CL actually arises from the peroxide group, which 
makes FCNs mimic hydrogen peroxide properties when reacting with luminol. In addition, 
the π-πinteraction between FCNs with luminol molecule may cause adhesive of more 














Scheme 2 Schematic illustration of FCNs mimicking hydrogen peroxide properties. 
 
Some organic compounds with reducing groups such as -OH, -NH2, or -SH group on 
the proposed FCNs-luminol CL were explored by a flow injection procedure. The results 
were listed in Table 1. As expected, all the tested compounds with the concentration of 10-5 
mol/L obviously inhibited the CL signal of luminol-FCNs system, which is ascribe to the 
competing reaction with FCNs. The results offer further evidence for the oxidizing activity 
of FCNs and demonstrate that FCNs-luminol CL system had great potential in analytical 










Table S1 Table Inhibition Effects of Organic Compounds (10-5mol/L) on 
FCNs-Luminol CL Systema, b 
 
Organic 




 compounds              
Quenching, % 
 
ascorbic acid 92.6 Pyrocatechol 96.2 
L-proline 38.9 Resorcine 
Phenylenediamine 
95.8 
L-cysteine 98 Resorcine 83.4 
L-histidine 88.7 DL-Methionine 87.5 
2-aminophenol 86 L(+)-Arginine 69 
4-nitrophenol 50 L-Lysine 58.9 
aThe experiments were carried out with flow injection system. 
bSolution condition: the concentration of luminol was 10-5 M in 0.1 M NaOH ; FCNs 
in a dilution of 1:1000.  
2.3.4 Application of The CL System For Arsenic(Ⅲ ) Detection 
2.3.4.1 CL Property of Arsenic (III) in Luminol- FCNs System. 
The static CL method has been used to investigate CL property of arsenic As(III) in 
luminol- FCNs system. Mixing order is a key factor in CL reaction, so a batch of static 
experiments were conducted. Fig 2-16 showed that the highest light emission can be 
observed when FCNs solution was injected into the mixture of luminol and As(III). We 
have investigated the inhibitory effect of As(III) on luminol- FCNs system(Fig 2-16B). 
With addition of higher concentration of As(III), the CL intensity of luminol- FCNs system 








Fig. 2-16 (A) As(III)-luminol-FCNs CL system with different mixing orders: FCNs solution injected into 
the mixture of luminol and As(III) solution; luminol injected into the mixture of FCNs and As(III) 
solution. Conditions: concentration of luminol was 10-5 M in 0.1M NaOH solution. The FCNs is in the 
dillution of 1:500 with water. (High voltage was -1.2 kV; interval time was set for 0.01 s.) (B)The 
inhibitory effect of As(III) on luminol- FCNs system. Conditions: concentration of luminol was 10-5 M 
in 0.1M NaOH solution. The FCNs is in the dillution of 1:500 with water. (High voltage was -1.1 kV; 
interval time was set for 0.01 s.) 
2.3.4.2 Development of Flow Injection System for Arsenic Determination 
Based on the injecting order result from static CL experiments, the flow line has been 
designed as in Fig 2-17. The flow injection program consisting of peristaltic pumps and a 
six-way injection valve was carried out. The FCNs solution was injected into carrier 
solution (H2O) through six-way injection valve. Finally, the mixture solution (As(III) and 
luminol) and FCNs solution flowed into the flow cell, which was placed close to the 
photomultiplier tube (PMT). 






2.3.4.3 Optimization of Analytical Conditions for As(III) Determination 
The concentration of luminol and FCNs solution has been studied. The best CL 
intensity was obtained when luminol concentration was 0.8×10-5 M and FCNs solution is in 
the dillution of 1:50 with water. We have also investigated the pH influence for the CL 
system. Sodium hydroxide was used to adjust pH. The highest CL signal was observed 
when pH was 12.3. In addition, the effect of reagents flow rates were studied in the range of 
1.0~5.0 ml/ min, the highest signal intensity was observed at 2 ml/ min. The flow rate of 
carrier water at which the FCNs solution introduced into the flow cell was also optimized in 
the range. As illustrated in Fig. 2-18, a gradual increase in the CL intensity was found as the 
flow rate of carrier buffer increases and resulted in maximum intensity at 4 ml/ min. Further 
increase make the CL emission stable therefore, 3.6 ml/ min was considered as the optimum 
flow rate to introduce the sample. 
Fig. 2-18 Effects of (A) the concentration of luminol solution, (B) the dilution ratio of fluorescent carbon 





2.3.4.4 Analytical Performance 
Under the optimal conditions, the CL signals for different As(III) concentrations are 
shown in Fig. 2-19. There was a good linear relationship between CL intensity and As(III) 
concentration in the range from 1×10-8 to 2×10-7 mol ·L-1 (correlation coefficient of 
0.9903)with detection limit of 1.25 × 10-9 mol·L-1 at S/N ratio of 3. 
Fig. 2-19 Linear calibration curves for response to As(III) in the range of 10-8 ~ 2×10-7 M. I0 and I 
represent the CL intensity in absence and in presence of arsenic. Conditions: luminol concentration of 1
×10-5 M in 0.1 M NaOH solution. FCNs solution was dilution of 1:50 with water. 
2.3.4.5 Interference of Other Ions 
The effects of coexisting ions on the CL detection of 50 ug/L As(III) were studied. The 
tolerance limit was estimate with±5% in CL peak height. The results were listed in Table 1. 
Most ions such as Mg2+, Ca2+, NH4
+, Ba2+ , K+, SO4
2-, NO3
-caused no interferences at 
concentrations of <1.0×10-4 M. Some metal ions such as Zn2+, Co2+ and Ni2+ at 















Table 1 Assessment of Interference Ions on the Determination of 1.0×10-7 M As 
Species added tolerance (M) 
Mg2+, Ca2+, NH4+, Ba2+ , K+, SO42-, NO3- 1.0×10-4 M 
Zn2+ and Ni2+ 5.0×10-5 M 
Co2+ 1.0×10-5 M 
2.3.4.6 Analysis of Real Sample 
The proposed method has been applied to the determination of As(III) in river water. 
Freshly collected water samples were filtered through a membrane filter of 0.22-μm pore 
size and spiked with 1.0×10-5 M EDTA as a masking reagent for transition metals before the 
CL determination. As shown in Table 2, the results showed that the recoveries of arsenic 
ranged from 95.4 to 97.7% through standard addition experiments, which demonstrated the 
proposed CL system was satisfactory for arsenic analysis. 
 
Table 2 Determination of As in river water 
samlpe Spiked 







0 ND - - 
3 2.93 97.7 3.28 













In this chapter, ultra-weak CL as newly emerging CL system has drawn great interests. 
In this work, the fluorescent carbon nanoparticles (FCNs) as a novel luminescence reagent 
could directly react with luminol, NaHCO3 and NaHSO3 in alkaline condition to yield novel 
chemiluminescence. A new chemiluminescence (CL) method for determination of As(III) 
ions in aqueous solution has been studied using a flow injection analysis (FIA ) system. The 
method is based on the quenched CL intensity with the addition of As(III) ion into a 
solution of luminol and fluorescent carbon nanoparticles(FCNs). The effects of 
concentrations of luminol and FCNs, pH and flow rates of reagents on CL intensity have 
been investigated. The calibration curve for As(III) ion was linear over the range from 
1×10-8 to 2×10-7 mol·L-1 (correlation coefficient of 0.9903) with detection limit of 1.25 × 
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Chapter 3  Determination of Ferrous Ion by N-Doped 
Carbon Dots Enhanced Fe2+/H2O2 Chemiluminescence System 
3.1 Foreword 
Fenton system has been extensively studied in advanced oxidation processes (AOPs) 
due to the generation of highly reactive hydroxyl radicals to decompose organic 
pollutants1-3. Fenton system as an attractive technology has been applied for waste water 
treatment. There usually exist the recycling of Fe2+  Fe3+ in Fenton system, which lead to 
a weak chemiluminescence behavior. Therefore, the development of a highly efficient 
Fenton CL system is a very important and exciting area or research. However, the 
luminescence yield of the Fenton system is relatively low, which limits its further research 
and application. Therefore, there is subtantial incentive to development for novel CL 
reaction strategies providing novel approaches to enhance the inherent sensitivity of weak 
CL systems to widen and deepen its applications. 
Carbon nanodots (CDs) as a popular class of carbon nanomaterials has been widely 
applied in optical imaging, photocatalysts and fluorescence probe because of its low 
toxicity, biocompatibility and higher photoactivity4-6. Our group established a CL system of 
high emission intensity, by introducing nitrogen doped-CDs (N-CDs) into Fenton system. 
This work revealed a new connection between N-CDs and Fenton reaction. It was observed 
that, the Fe2+ was quickly consumed and slowly regenerated prior to establish equilibrium 
between Fe2+ and Fe3+. The reversible conversion of Fe2+Fe3+ was dependent and 
controllable by the amount of reactive oxygen species in the system. We have utilized this 







3.2 Experimental section 
3.2.1 Materials and Chemicals 
Reagents. Hydrogen peroxide (H2O2), potassium bromide (KBr), and mercuric 
chloride (HgCl2) (Beijing Chemical Reagent Co. Beijing, China), cobalt sulfate (CoSO4), 
copper sulfate (CuSO4), and sodium chloride (NaCl) (Beijing Chemical Industry, Beijing, 
China), ferric chloride (FeCl3), and zinc chloride (ZnCl2) (Sinopharm Chemical Reagent Co. 
Ltd. Shanghai, China), magnesium sulfate (MgSO4) (3rd Chemical Industry, Tianjin, China), 
cadmium chloride (CdCl2), aluminum nitrate (Al2(NO3)3, and ferrous sulfate (FeSO4) 
(Heng Ye Jingxi Chemical Co. Ltd. Hebei,China), nickel sulfate (NiSO4) and lead nitrate 
(Pb(NO3)2) (Beijing Shiji Chemical Industry, Beijing, China), chromium chloride (CrCl3) 
(Aladdin Industrial Corporation, Shanghai, China), calcium sulfate (CaSO4) (Alfa Aesar, 
United State), histidine (Dingguochansheng Biotech. Co. Ltd. Beijing, China), 
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (Tokyo Kasei Kogyo, Japan), and 
2,2,6,6-tetramethyl-4-piperidine (TEMP) (Sigma-Aldrich) were of analytical grade and 
used as received. Deionized water (DIW) was used for solution preparation in all 
experiments. 
Apparatus. Batch CL experiments were carried out with BPCL luminescence analyzer 
(Institute of Biophysics, Chinses Academy of Sciences, Beijing, China) while absorption 
spectra were collected using UV-3900 UV-visible spectrophotometer (Hitachi, Tokyo, 
Japan). CL emission spectra and photoluminescent (PL) studies were carried out with 
F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). In addition, ESR spectra 
were measured on ESP-300E, Bruker spectrometer, Germany. The Fourier transform 
infrared spectroscopy (FTIR) was performed with Perkin Elmer FTIR 360 
spectrophotometer, DTGS 
3.2.2 Synthesis of N-Doped Carbon Nanodots 
A 0.1 M aqueous solution of histidine was transferred into Teflon lined autoclave and 
heated at temperature 240℃ for 8 h7. After high pressure hydrothermal reaction, the 
solution changed to dark brown from colorless, where the as-prepared N-CDs were freely 





temperature and pressure inside autoclave enabled histidine to experience dehydration, 
polymerization, condensation and carbonization processes8. The dialysis was performed by 
using Biotech regenerated cellulose membrane (MW=3.5 kDa) in DIW for 12 h with 
continuous stirring to remove the unreacted reagents. The DIW was replaced after each 2 h. 
Finally, the prepared N-CDs suspension was obtained. 
3.2.3 Kinetic CL profile 
CL kinetic curves were obtained by batch experiments, which were carried out in glass 
cuvette. The CL profiles were displayed and integrated at intervals of 0.1 s. 100 μl N-CDs 
and 100 μl of H2O2 were premixed then 100 μl of Fe
2+ were injected by a microliter syringe 
from the upper injection port. The addition orders of reagents were changed to investigate 
the interaction of the reagent and design the CL injection analysis system.  
3.2.4 ESR Experiments 
ESR spectra were recorded at room temperature using JEOL JES-FA200 spectrometer. 
Instrumental conditions: microwave power, 1.0 mW; modulation amplitude, 1.0 G. 
Hydroxyl radical can be detected by mixing (50 µl of each) N-CDs, H2O2 (0.1 M) and 
DMPO (0.1 M) followed by the addition of Fe2+ (0.01 M). The sample tube was filled from 
the reaction mixture and the analysis was carried out at room temperature. For the 
determination of singlet oxygen, the same procedure was carried out with TEMP (10% by 
volume in water) instead of DMPO. 
3.3 Results and Discussion 
3.3.1 The Characterization of N-doped Carbon Nanodots 
The UV-visible spectrum shows the characteristic absorption bands at 295 and 270 nm 
due to π- π* and n-π* electron transitions, respectively. The N-CDs showed blue color 
under UV lamp. Fig 3-2 showed the fluorescence emission at wavelength λ=466 nm under 





Fig. 3-1 Absorption spectrum of the prepared N-CDs. There were 2 absorption bands observed in the 
spectrum, i.e. the one at 270 and the other at 295 nm. The inset is the illumination of N-CDs under 
visible (left) and UV light, 365 nm (right). 
 










To know about the surface of prepared N-CDs, Mass spectra (Fig. 3-3) and IR (Fig. 
3-4) of N-CDs were measured. The collision-induced dissociation mass spectra of 
deprotonated ions of N-CDs [M-H] at m/z=154 was observed. The MS spectra showed that 











Fig. 3-3 Mass spectrum of N-CDs solution operated at negative mode 
 
As shown from FT-IR spectra, peaks at 1627 assigned to C=O stretching vibrations. 
Bands at 2922 and 2854 cm-1 were assigned to –CH2– vibrations. The broad band in range 
of 3160-2660 cm-1 suggested the existence of –OH, –NH groups on N-CDs. These spectra 
indicated carboxylic and amide functional groups were well-preserved on N-CDs surface. 
The presence of –COOH and –OH groups on N-CDs resulted in different emissive trap 
















3.3.2 N-doped Carbon Nanodots Enhancing the CL of H2O2-Fe2+ System 
A intrinsic CL of Fenton system with low chemiluminescence yield was observed 
when 100 uL of Fe2+ (0.01 M) was injected into 100 uL of H2O2 (0.1 M) solution. 
Nevertheless, 20 fold enhancement of CL intensity was found after introduction of the 
N-CDs into the Fenton reagent (Fig. 3-3). The interference from histidine on CL intensity 
was also evaluated (Fig. 3-4). The CL of Fenton system was significantly inhibited in 
presence of histidine solution, which excludes the possibility of chemiluminescence 
enhancement from histidine sensitizing.  
 
Fig. 3-5 Effect of Fe2+ ion on CL intensity of H2O2 in the presence of N-CDs (i) The CL of Fe2+―N-CDs 
(ii) The CL of Fe2+―H2O2 (iii) The CL of Fe2+―N-CDs―H2O2 (iv) The CL of Fe3+―NCDs―H2O2. 
The concentration of Fe2+ and Fe3+ was 0.01 M while H2O2 was 0.1 M. The volume of each reagent used 









Fig. 3-6 Evaluation of histidine on CL (i) Fe2+ injected to H2O2 (ii) Fe2+ injected to histidine + H2O2 (iii) 
Fe2+ injected to N-CDs + H2O2. The concentration of Fe2+ was 10-3 M, histidine and H2O2 were 0.1 M 
while N-CDs were 100%.  
3.3.3 Optimization of Conditions 
3.3.3.1 The Influence of Injection Order 
The sequence of injection plays a key role in CL. As for reaction of Fe2+, H2O2 and 
N-CDs, three different mixing orders were compared, as shown in Fig. 3-5. When the 
N-CDs were injected into Fe2+―H2O2 mixing solution, a relatively weak CL was observed, 
which may attributed to the reaction of Fe2+ with H2O2 prior to the addition of N-CDs. We 















Fig. 3-7 Effect of order of reagents (i) H2O2 injected into Fe2+–N-CDs (ii) N-CDs injected into 
Fe2+–H2O2 (iii) Fe2+ injected into N-CDs–H2O2. The concentration of Fe2+ was 0.01 M while that of 
H2O2 was 0.1 M.  
3.3.3.2 The Influence of pH 
The CL of Fe2+–H2O2–N-CDs system under different pH condions such as neutral, 
acidic and basic, has been investigated. The pH significantly affected the amount of Fe2+ 
and Fe3+ in the Fenton system. CL intensity was higher in neutral media as compared to that 
in acidic and basic condition.  
Fig. 3-8 Effect of pH on CL intensity of the N-CDs enhanced Fenton system. (A) (i) Fe2+–H2O2–N-CDs 
(ii) Fe2+–H2O2–N-CDs–HCl (iii) Fe2+–H2O2–N-CDs–NaOH The concentration of Fe2+ was 0.001 M, 







3.3.3.3 The Influence of Concentration of N-doped Carbon Nanodots 
The effect of the N-CDs concentration on the CL was evaluated. It was observed that 
different dilution of N-CDs enhanced the CL intensity to different degrees (Fig. 3-7). The 
N-doped carbon nanodots with 50% concentration provide the maximum CL intensity. The 
relatively low CL at N-CDs dilution ＞50% may be due to the fact that high concentrations 
of nanoparticles increase the chances of N-CDs collisions, which in turn quench the 
luminescence9-10. 25% N-CDs gave comparable results and was used as the optimal 
condition. 
Fig. 3-9 Effect of the dilution of N-CDs on CL intensity of Fenton system. (i) 100 (ii) 50 (iii) 25 and (iv) 
10%. The concentration of Fe2+ was 0.01 M, H2O2 was 0.1 M. 
3.3.4 Mechanism of CL System  
3.3.4.1 Emitting Species 
In order to identify the emitting species in the Fe2+–H2O2–N-CDs CL system, CL 
spectrum was measured by fluorescence spectrometer with the xenon lamp turned off. As 
shown in Fig. 3-8. Two peaks at 438 and 550 nm during the Fenton reaction has been 
attained assigned to 1O2 and excited oxygen dimol species ((O2)2
*)11-12 (Fig. 3-8a). The 
results suggested the formation of 1O2 and ((O2)2





1-7). In the presence of N-doped carbon nanodots, a CL emission in the range of 400–600 
nm centered at 500 nm was obtained (Fig. 3-8b), which was consistent with the PL spectra 
of the N-CDs. Thus, it is reasonable that CL could be attributed to the N-CDs. 
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Fig. 3-10 CL spectra of N-CDs enhanced Fenton system. (a) Fe2+–H2O2 system (b) Fe2+–H2O2–NCDs 
system. The concentration of Fe2+ was 0.1 M, H2O2 was 0.5 M while N-CDs were 25%. The flow rate 







3.3.4.2 CL Mechanism 
The ESR spectra shows that the reactive oxygen radical such as •OH, •O2
- and 1O2 have 
been generated. Nevertheless, in presence of N-CDs, a significant decrease of •OH radical 
was observed (Fig. 3-9 a), suggested that the •OH radicals react with N-CDs. The presence 
of N-CDs in Fenton reagent also resulted in lower 1O2 generation relative to Fenton system 
(Fig. 3-9 b). The low amount of 1O2 indicates that 
•OH reacts with N-CDs and is not used to 
produce 1O2.  
Based on the above results, the CL mechanism of the Fe2+–H2O2–N-CDs system can 
be mainly explained by radiative electron-hole annihilation between hole-injected and 
electron-injected N-doped carbon nanodots17-18. 
 
Fig. 3-11 ESR analysis of the N-CDs enhanced CL system. (a) DMPO/•OH adduct in (i) Fe2+ + H2O2 (ii) 
Fe2+ + H2O2 + N-CDs. (b) TEMP/1O2 adduct. (i) Fe2+ + H2O2 (ii) Fe2+ + H2O2+N-CDs. The concentration 
of Fe2+ was 0.001 M, H2O2 and DMPO was 0.1 M, while TEMP was 10% by volume in water. The 


























Scheme 1 Mechanism of N-CDs enhanced Fenton system 
3.3.5 Analytical performance 
The CL-emission intensity of N-CDs/H2O2 system were observed at different Fe
2+ 
concentration ranging from 1.0×10−9–1.0×10−2 M (Fig. 3-10). The CL-intensity was 
increased within increase in Fe2+ concentration. A linear plot was obtained at two regions 
1.0×10−9-1.0×10−6 M and 1.0×10−5-1.0×10−2 M (Fig. 3-11). The two linear regions may be 
due to the difference in behavior of solute particles in solution at ultra-low and high 
concentration. The limit of detection (LOD) was 2×10−10 M, ((LOD=3s/k)), in a dynamic 
range of 1×10−9 to 1×10−6 M. The precision of the method was evaluated by measuring 
standard Fe2+ solution (1×10-7 M) for 10 times. The relative standard deviation (RSD) was 























Fig. 3-12 Effect of different concentration of Fe2+ on CL intensity of Fe2+―H2O2―N-CDs system. The 
concentration of Fe2+ was (i) 10-2 M (ii) 10-3 M (iii) 10-4 M (iv) 10-5 M (v) 10-6 M (vi) 10-7 M (vii) 10-8 M 
(viii) 10-9 M and (ix) water. The concentration of H2O2 was 0.1 M. 
 
Fig. 3-13 Analytical figure of merits of N-CDs enhanced Fenton system. Calibration curve of Fe2+ ion. 







Fig. 3-14 Analytical figure of merits of N-CDs enhanced Fenton system. Calibration curve of Fe2+ ion. 
There was linear relation between CL intensity and concentration of Fe2+ in range of 10-2～10-5 M. 
 
 
Fig. 3-15 Relative standard deviation analysis by using n=10 numbers of measurement for a single 







3.3.6 Interference Study  
The selectivity of N-CDs/H2O2 system toward Fe
2+ was analyzed with respect to Fe3+, 
Cr3+, Al3+ and divalent cations including Zn2+, Mg2+, Cu2+, Ca2+, Hg2+, Cd2+, Mn2+, Co2+, 
Pb2+, and Ni2+, Na+ and K+. Fig. 3-14a shows that, no significant CL-emission was 
observed for all tested cations. Moreover, the selectivity of the N-CDs/ H2O2 system was 
also tested for Fe2+ in a mixture solution with other cations. A mixture solution consists of 
1×10-3 M of Fe2+ and a tested cation was injected to N-CDs/ H2O2. Fig. 3-14b shows the 
CL-emission intensity of the Fe2+ in the presence of interfering cations. High interference in 
presence of Cu2+ and Mn2+, relatively small interference with Cr3+ and Co2+, whereas, no 
interference with other tested cations was observed. The interference in presence of Cu, Mn, 
Cr, and Co may be due the utilization of •OH radicals and strong-redox behavior of these 
cations. However, yet compare to the CL-emission intensity of these interfering cations 
alone the CL-emission in combination with Fe2+ was significantly high, which indicate the 
selectivity of N-CDs/H2O2 system for detection of Fe
2+ in solution. The capability of 





-, I-, Cl-, NO3
-, SO4
2- and Br- at each concentration of 10-3 M. Fig. 3-14c shows no 
significant interference from the tested anions when used in a mixture solution with Fe2+. 
The high selectivity was attributed to ability of Fe2+ for •OH generation which was radially 
taken by N-CDs resulted in high CL-emission. The redox cycling of Fe2+ ion on the surface 








Fig. 3-16 (a) Selectivity analyses for Fe2+ over other metal ions based on the CL intensity of NCDs-H2O2 
aqueous solution in presence of different metal ions (metal ions were 10-3 M). (b) Interference ion study 
of N-CDs enhanced Fenton system. Bar graph of the CL intensity of N-CDs mixed H2O2 with respective 
interfering cations in the presence of 10-3 M Fe2+ ion. (c) Bar graph of the CL intensity of N-CDs mixed 
H2O2 with respective interfering anions in the presence of 10-3 M Fe2+ ion. The concentration of metal 
ions and anions were 10-3 M while H2O2 was 0.1 M. The volume of each reagent was 100 µl. The results 





3.3.7 Analysis of Real Sample 
Fig. 3-15 shows the CL-emission intensity obtained from the injection of water (100 
µL) from various sources to N-CDs/H2O2 solution. In order to evaluate the validity of the 
proposed method for the determination of Fe2+, recovery of Fe2+ in real samples was carried 
out. The effect of response of model calibration solutions with the response for matrix in 
studied water samples was checked by matrix effect. Water samples was spiked with 
suitable addition of Fe2+ stock solution with different concentration so that the final value of 
Fe2+ concentration was established in range of 10-9- 10-5 M Fe2+ (Table 1). The large 
standard error in real water samples may be due to the presence of interfering ions and 
oxidative species, which oxidizes Fe2+ ions, which were no more available for reaction to 
give CL signals.  
 











Table 1 Determination of Fe2+ ions in real water samples 
Water source Added (10-8 M) Found Recovery (%) RSD (%, n=3) 
Tap water 1 0.89 89 3.1 
100 95 95 2.8 
Lotus pond 1 0.87 87 4.9 
100 91 91 3.3 
Canal 1 0.82 82 6.1 
100 88 88 3.8 
 
The concentration is a mean of three independent measurements (n=3). The above results were obtained 
by calibration method.  
 
3.4 Conclusion 
In this chapter, A simple, fast, ecofriendly, sensing method for the detection of Fe2+ ion 
in solution was developed via CL using N-CDs/H2O2. This method detected Fe
2+ with LOD 
of 0.2×10-9 M and a dynamic linear range of 1×10-6 to 1×10-9 M. No significant 
interference was observed from most of the tested cations and also enabled the detection of 
Fe2+ in tap, lotus pond, and canal water samples. The non-laborious, use of eco-friendly 
reagents, cost effective, selective, and sensitive detection make this method a significant 
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Chapter 4 The Novel Chemiluminescence of MoS2 
QDs with H2O2 and Study on the Mechanism  
  
4.1 Foreword 
Generation of abundant reactive oxygen species (ROS) has attracted immense interest 
in environmental and biological sciences1-3 because ROS possess high reactivity compared 
to molecular O2. Reactive oxygen species (ROS) includes superoxide radical (
•O2
-), 
hydroxyl radical (•OH) and singlet oxygen (1O2). To date, the ROS are usually generated 
from two processes: photocatalytic process via light-activated photosensitizers and 
chemical process via iron-mediated Fenton reaction4-6. However, both of these two 
processes suffer from some restrictions. Photocatalytic process suffers from undesired 
bio-damage by ultra-violet (UV) radiation and low reactive oxygen production. This has 
restricted the role of photo-catalysis for biomedical applications7-8. Fenton reaction can 
generate adequate ROS, however, this requires acidic conditions (pH= 3-4). Therefore, 
alternative reactions and conditions for ROS generation are needed to be pursued. 
Molybdenum disulfide (MoS2), as a kind of typical layered transition-metal 
dichalcogenide, has drawn great attention, because it can be easily exfoliated from 
molybdenite compounds. Compared with MoS2 nanosheet, MoS2 QDs have exhibited 
stronger quantum confinement and edge effects, which will make them show unique and 
extra electrical/optical properties. Nano scaled molybdenum disulfide (MoS2) have gain 
widespread as applications in photo-responsive, energy storage and biosensor devices9-11. 
Besides, MoS2 was used as an excellent electro-catalyst for the hydrogen evolution reaction 
(HER)12-14. However, the performance of molybdenum disulfide -quantum dots (MoS2-QDs) 
toward chemiluminescence (CL) based on ROS generation has not been explored. Here, we 
demonstrated the excellent capability of MoS2-QDs to generate ROS from hydrogen 






4.2 Experimental Section 
4.2.1 Materials and Chemicals 
Reagents. All chemicals used in our work were of analytical grade. Hydrogen 
peroxide (H2O2), Sodium hydroxide (NaOH), Hydrochloric acid (HCl), Ferrous 
sulfate(FeSO4. 7H2O), Rhodamine B(RhB), Methylene blue (MB)were brought from 
Beijing Chemical Reagent Co. (Beijing, China). 2,2,6,6-tetramethyl-4-piperidine (TEMP), 
5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and Tetramethylbenzidine (TMB) were 
purchased from J＆K Scientific. Ltd (Beijing, China). Hydrogen peroxide, NaOH and Fe2+ 
solution was prepared freshly before using. 
Apparatus. The UV-vis spectra were measured by UV-3900 spectrophotometer 
(Hitachi, Japan). Emission spectra were collected with F-7000 fluorescence 
spectrophotometer (Hitachi, Japan). The nanoparticle size was recorded by a JEM 2010 
electron microscope (JEOL, Japan). Electron paramagnetic resonance (ESR) spectra were 
measured on a Model JES-FA200 spectrometer (JEOL, Tokyo, Japan). The fluorescence 
lifetime was recorded by FLSP920 (Edinburgh Instruments, Livingston, UK).  
4. 2. 2 Synthesis of Molybdenum Disulfide (MoS2) Quantum Dots 
 MoS2 QDs were prepared by top-down method as previously reported
15. First, 1g of 
bulk MoS2 powder was added in 100 mL of N,N-Dimethylformamide (DMF) and kept 
sonication for 12 h. The solution was put into flask and heated solvothermally at 140℃ for 
6 h with vigorous stirring. Afterwards, the resulting mixture was cooled down to ambient 
temperature naturally and centrifuged for 10 min at 10000 rpm. The MoS2 QDs was 
included in light yellow DMF supernatant. To obtain MoS2 QDs aqueous solution, DMF 
was removed via rotary evaporation method. Finally, the MoS2 QDs was dissolved by 
















Scheme 1. Preparation procedure of fluorescent carbon nanoparticles(FCNs) 
4.2.3 The Chemiluminescence Experiments for Molybdenum Disulfide (MoS2) 
Quantum Dots with H2O2 
Batch CL experiments were carried out with a BPCL luminescence analyzer (Institute 
of Biophysics, Chinese Academy of Sciences, Beijing, China). The PMT was adjusted to 
-1.3 kV and the CL signal was integrated for a 0. 1 s interval. For a typical CL measurement, 
50 ul of H2O2 solution and a certain concentration of NaOH solution was firstly injected to 
glass cuvette and mixed. Then 50 ul of MoS2 QDs solution was injected into the mixed 
solution. 
The CL spectrum was obtained on the BPCL luminescence analyzer with high-energy 
cutoff filters from 400 to 640 nm between the flow CL cell and the PMT. 
4.2.4 The Degradation of Organic Compound 
4.2.4.1 The Degradation of Phenol, Pyrocatechol:  
Firstly, 0.01 M H2O2 and 0.45 mg/ml MoS2-QDs solution were suspended in 1×10
-4 M 
phenol or 5×10-4 M pyrocatechol solution. Then 1mM Fe2+ was added to intiate the 
degradation reaction.  
Phenolic compounds can react with 4-aminoantipyrine forming aminoantipyrine dye 
with absorbance at wavelength 530.5 nm. The initial concentration of phenolic compounds 
and final concentration after degradation by Fe2+/H2O2 Fenton system and 
Fe2+/H2O2-MoS2-QDs system were measured by using 4-aminoantipyrine for the 
colorimetric determination. 





Firstly, 0.01 M H2O2 and 0.45 mg/ml MoS2-QDs solution were suspended in 5 ug/ml 
RhB and 5 ug/ml MB solution. Then 1mM Fe2+ was added to intiate the degradation 
reaction. 
The degradation efficiency of RhB or MB was monitored by a UV-visible 
spectrophotometer. The absorbance of Rhodamine B at 554 nm and methylene blue at 626 
nm before and after degradation reaction has been measured.   
4.3 Results and Discussion 
4.3.1 The Characterization of Molybdenum Disulfide (MoS2) Quantum Dots 
Transmission electron microscopy (TEM) image showed the prepared MoS2 QDs are 
relatively uniform in size and exhibit a relatively narrow size distribution between 2～5 nm 










Fig. 4-1 (A)HRTEM image, and (B) size distribution of MoS2-QDs. 
 
The as-prepared product (0.9 mg/mL) was dispersed in water and a transparent 
pale-yellow solution was obtained, which exhibited a strong fluorescence emission at a 
wide range of excitation wavelength. As shown in Fig 4-2, a wide excitation wavelength 
can effectively excite MoS2-QDs. The emission shifted with the increased excitation 
wavelength from 300 nm to 460 nm. The maximum fluorescent emission (∼419 nm) was 











Fig. 4-2 The fluorescence spectra of MoS2 QDs with excitation wavelength in range of 300 nm- 
460 nm. (Excitation slit: 2.5 nm, Emission slit: 5 nm; voltage: 700v ) 
 
 
4.3.2 The CL of MoS2 QDs/ H2O2 System 
4.3.2.1 The Influence of Injection Order On CL 
The chemiluminescence(CL) was produced by MoS2-QDs and H2O2. We found that 
the order of injection significantly affected the chemiluminescence of the system. A 
stronger CL was obtained with injection MoS2-QDs suspension into a premixed 
H2O2/NaOH solution, whereas those with the addition of H2O2 to NaOH/MoS2-QDs or with 






Fig. 4-3 The CL spectrum of injection order with (a) injection MoS2-QDs in mixture of H2O2+NaOH (b) 
injection NaOH in mixture of H2O2+ MoS2-QDs (c) injection H2O2 in mixture of MoS2-QDs + NaOH. 
4.3.2.2 The Influence of NaOH Concentration On CL 
We found that the CL was not only correlated to the injection order, but also to the 
NaOH concentration. The CL intensity was found to increase with increasing concentration 
of NaOH and no CL emission was found under acid or neutral condition. This was 
attributed to the remarkable decomposition of H2O2 in alkaline medium
16 (80% and 15 % at 
pH=13 and 10.5 respectively) (Fig. 4-4). The results suggested that the decomposition of 
H2O2 play an important role in enhanced CL-emission with the addition of MoS2-QDs. The 
hydroxyl radical (•OH) generation from H2O2 in the presence of base is given in eq. 1-2. 
Perhydroxyl ion (HO2
-
) was formed through the decomposition of H2O2 in base; then HO2
-
 
react with undissociated H2O2 molecules to produce hydroperoxide radical (HO2
•) and •OH 
17. 
 
          H2O2 + OH
-          H2O + HO2
-
                   (1)                              
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- + H2O2          HO2






















Fig. 4-4 The correlation of CL intensity with the concentration of sodium hydroxide (NaOH). 
The solution conditions were 50 μl of 0.1 M H2O2, 50 μL of 0.45mg/ml MoS2 QDs, and 50 μl of 
sodium hydroxide with concentration of 10-3, 5×10-3, 0.01, 0.05, 0.1, 0.5M respectively. High 
voltage: 1300 V; interval time was set for 0.1 s. 
4.3.2.3 The Influence of H2O2 Concentration On CL 
Ouyang et al. have reported that the intrinsic defects can be generated to activate and 
increase the number of catalytic sites on MoS2
18. The •OH is a strong oxidizing agent, 
which has a redox potential of 2.8 V19, therefore, the production of •OH lead to the radical 
attack on MoS2-QDs and generate defects. This increases the effective catalytic sites of 
MoS2-QDs and hence facilitate the further decomposition of H2O2. The occurrence of 
defects was evidenced by the short lifetime of about 5.2 ns from MoS2-QDs (Fig. 4-5) 

























Fig. 4-5 (A) The fluorescence lifetime decay profile of MoS2 QDs before (black) and after 
reaction with H2O2-NaOH. The solution conditions were 100μl of 0.1 M H2O2, 100ul of 
0.45mg/ml MoS2 QDs, 100ul of 0.1 M NaOH. The excitation wavelength: 325 nm, emission 
wavelength: 420 nm. 
 
To clarify the role of •OH in strong CL-emission of MoS2-QDs/H2O2 system, 
experiments with H2O2 at different concentration was performed. We found that the 
CL-emission intensity of MoS2-QDs/H2O2 system is dependent on the concentration of 
H2O2 (Fig. 4-6 A). With increasing [H2O2] from 0.01 M to 0.1 M, the intensity of CL 
increased progressively. The CL kinetic decay time was also found to dependent on H2O2 
concentration. A flash CL-emission was observed at high H2O2 concentration (0.1 M), 






Fig. 4-6 (A) The dose-dependent of H2O2 concentration on kinetic decay time and CL intensity by 
injection MoS2-QDs into H2O2–NaOH solution. (B) The CL kinetic curve at H2O2 concentration of (a) 
0.01, (b) 0.025, (c) 0.05, and (d) 0.1 M. 
4.3.3 Exploration of CL Mechanism 
4.3.3.1 The Influence of H2O2 Concentration on Reactive Oxygen Species 
Electron Spin Resonance (ESR) spectroscopy was performed to directly examine the 
generation of •OH under different H2O2 conditions. A larger of 
•OH yield was observed as 
[H2O2] was increased (Fig. 4-7A(a), Fig. 4-7B(a)). This provide a clear evidence that 
activation of MoS2-QDs is highly dependent on 
•OH formation. No obvious ESR signals for 
DMPO-OH was observed without MoS2-QDs, while the 
•OH significantly enhanced in the 
presence of activated MoS2-QDs at [H2O2]=0.01 M in NaOH (0.1 M) (Fig. 4-7A(b)). In 
addition, we found the signal for DMPO-OH and DMPO-•O2
2̄0 in presence of MoS2-QDs 
is stronger than that in absence of MoS2-QDs at H2O2=0.1 M in NaOH (0.1 M) (Fig. 
4-7B(b)). These results suggest the dependence of •OH generation on H2O2 concentration 










Fig. 4-7 Evaluation enhancement of •OH, •O2
-
and 1O2 by MoS2-QDs in H2O2-NaOH system. (A) ESR 
spectrum of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) with •OH obtained from 0.01 M H2O2 in 0.1 M 
NaOH (a) and the same as above condition but with MoS2-QDs(b). (B) ESR spectrum of DMPO with 
•OH or •O2 ōbtained from 0.1 M H2O2 in 0.1 M NaOH (a) and the same as above condition but with 
MoS2-QDs(b). 
4.3.3.2 The Enhancement of Reactive Oxygen Species by MoS2 QDs 
Moreover, The UV-Vis spectra (Fig. 4-8 A) with nitrotetrazolium blue chloride (NBT) 
as a superoxide radical (•O2
¯) probe21 and ESR spectra (Fig. 4-8 B) with 
2,2,6,6-Tetramethyl-4-piperidine (TEMP) as a singlet oxygen (1O2) probe
22 also showed a 
significant increase in •O2  ̄ and 
1O2 production in presence of MoS2-QDs. The generation 
pathway of •O2  ̄ and 
1O2 via radical reactions are given in Eq. 3-7
23-24. We hypothesized 
that, the active sites induced by •OH was responsible for generation of •OH, •O2 ,̄ and 
1O2 
via facilitating the conversion of H2O2 to more ROS. 
 
•OH + H2O2         HO2
• + H2O (3) 
HO2
• + OH-         •O2
-+ H2O (4) 
•OH + •OH          H2O +½(O2+ 
1O2) (5) 
•OH + HO2
•         H2O + O2+ 
1O2 (6) 
•OH + •O2



















Fig. 4-8 (A) The absorbance of NBT in H2O2-NaOH system with addition of MoS2-QDs. (B) ESR 
spectrum of TEMP with 1O2 production from H2O2-NaOH (black) and MoS2-QDs-H2O2-NaOH (red). 
 
 
4.3.3.3 Confirmation Hydroxyl Radical Activation by Fenton System 
In order to further evaluate the dependence of MoS2-QDs activation and CL-emission 
on generation and concentration of •OH, a classic •OH generation Fenton system were 
investigated. We found that, MoS2-QDs strongly enhanced the CL-emission of Fe
2+/H2O2 
system. It was striking that equivalent CL-emission were produced at both neutral and 
acidic condition (Fig. 4-10 A). As we know that Fenton reaction is usually happened at acid 
condition, which has become a district condition for its application on biological system. 
Besides, •OH generation was significantly accelerated with increasing the concentration of 
MoS2-QDs. When introduced MoS2-QDs, a maximum of 9.18 times more yield of 
•OH was 
produced compared to Fe2+/H2O2 system (Fig. 4-10 B). These results confirmed the 






















Fig. 4-9 The fluorescence lifetime decay curve of MoS2 QDs before (black) and after reaction 
with H2O2-Fe2+. The solution conditions were 100μl of 0.1 M H2O2, 100ul of 0.45mg/ml MoS2 
QDs, 100ul of 0.1 M NaOH and 100μL of 0.1 M Fe2+. The excitation wavelength: 325 nm, 
emission wavelength: 420 nm. 
 
Fig. 4-10 Enhancement of Chemiluminescence and hydroxyl radical (•OH) production by MoS2-QDs in 
Fe2+-H2O2 system (A) The chemiluminescence of Fe2+-H2O2 (blank); and the CL produced by addition 
of MoS2-QDs on Fe2+-H2O2 system under acidic (pH = 3.7) and neutral condition. (B) The hydroxyl 
radical generated from Fe2+-H2O2 (blank) and addition of MoS2-QDs with concentration of 0.09 mg/ml 
and 0.45 mg/ml respectively. The inset in panel B is the ESR spectrum of DMPO with •OH generated 








The reaction between 3,3′,5,5′-tetramethylbenzidine (TMB) and H2O2 was one of the 
most widely used colorimetric reactions. The TMB-based method has been applied for 
colorimetric analysis of bioassays25-28. These colorimetric sensors were realized based on 
the oxidation of TMB by hydroxyl radical (•OH) from the decomposition of H2O2 in the 










Scheme 2 Chemical structure of TMB and its oxidation products by Fenton reaction 
 
To further verify the generation of •OH, the Fenton-oxidation of tetramethylbenzidine 
(TMB) was introduced, which was known to oxidized by •OH29. In absence of MoS2-QDs, 
TMB was oxidized slowly and reached maximum absorbance intensity (λmax= 652nm) after 
60s. Nevertheless, in presence of MoS2-QDs, A rapid strong absorbance at 652 nm was 
observed (Fig. 4-10), indicating a rapid formation of bluish oxidized TMB because of •OH 
generation in large amount. This confirmed that MoS2-QDs driven Fenton reaction can 






Fig. 4-10 The absorbance of TMB in H2O2-Fe2+ system(black) and MoS2 QDs-H2O2-Fe2+ system. 
The solution conditions were 100μL of 0.01 M H2O2, 100L of 0.45mg/ml MoS2 QDs, 100ul of 
1mM TMB and 100μL of 1mM Fe2+. 
4.3.3.4 Investigation of Organic Compounds Degradation Efficiency by MoS2 QDs 
 The generation of •OH can effectively degrade the organic contaminants30. Therefore, 
the phenol, pyrocatechol, rhodamine B (RhB) and methylene blue (MB) were used to find 
the degradation efficiency and fate of •OH in Fenton (Fe2+/H2O2) and MoS2-QDs supported 
Fenton system. 4-aminoantipyrine can react with phenolic compounds forming 
aminoantipyrine dye (with absorbance at wavelength 530.5 nm). The initial concentration 
of phenolic compounds and final concentration after degradation by Fe2+/H2O2 Fenton 
system and Fe2+/H2O2-MoS2-QDs system were measured by using 4-aminoantipyrine for 
the colorimetric determination31. As expected, a significant decrease of phenol and 
pyrocatechol (Fig. 4-11) was observed when phenol or pyrocatechol were incubated with 
MoS2-QDs supported Fe
2+/H2O2 system as compared to traditional Fe
2+/H2O2 Fenton 














Fig. 4-11 Comparation of phenolic compounds degradation in Fe2+-H2O2 Fenton system and Fe2+-H2O2 
+ MoS2 QDs system. Phenolic compounds can react with 4-aminoantipyrine forming aminoantipyrine 
dye with absorbance at wavelength 530.5 nm. The initial concentration of phenolic compounds and final 
concentration after degradation by Fe2+/H2O2 Fenton system and Fe2+/H2O2-MoS2-QDs system were 
measured by using 4-aminoantipyrine for the colorimetric determination.  (A) The absorbance of 
4-aminoantipyrine reacted with phenol after incubated in Fe2+-H2O2 and Fe2+-H2O2 + MoS2-QDs for 
10min; (B) The absorbance of 4-aminoantipyrine reacted with pyrocatechol after incubated in Fe2+-H2O2 
and Fe2+-H2O2 + MoS2-QDs for 10min. The solution conditions were 0.01 M H2O2, 0.45 mg/ml 
MoS2-QDs, 1mM Fe2+, 0.01 M K3Fe(CN)6, 1×10-4 M phenol and 5×10-4 M pyrocatechol. 
 
 
In addition, the degradation of RhB and MB have been detected by the UV-visible 
method. Whereas, in the presence of MoS2-QDs, MoS2-QDs was found significantly inhibit 
both RhB and MB degradation efficiency (Fig. 4-12). Moreover, the presence of MoS2-QDs 
showed more negative influence on MB degradation, with inhibiting the efficiency of MB 
degradation by 72%, as well as that of RhB degradation efficiency by 8%. This difference 
toward RhB and MB degradation is probably attributable to less reactivity of MB compared 
to RhB in  Fe2+/H2O2-MoS2-QDs system because of significant structural difference of 
two different organic fractions(RhB and MB). It has been found previously that •OH could 
be consumed by injection of holes into semiconductor nano-material32. The selective 
degradation of phenolic compounds as compared to RhB and MB is probably due to the 
higher reaction rate of •OH with phenolic compounds (k≈1010 M-1s-1)33, which make 
phenolic compounds more competitive for reacting with •OH rather than MoS2-QDs in 





armatic heterocyclic compounds, such as RhB and MB, because of the one order of 
magnitude lower rate (k≈109 M-1s-1)34. These results strongly indicated that a rapid 
reaction of MoS2-QDs with 
•OH and (•O2
-
) forming hole-injection (MoS2(h
+) QDs) and 
electron-injection (MoS2(e
-) QDs) (eq. 8-9) occurred. 
 
MoS2-QDs + 
•OH           MoS2(h
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Fig. 4-12 The influence of MoS2-QDs on organic contaminants degradation in Fe2+-H2O2 Fenton system. 
(A) The absorbance of Rhodamine B at 554 nm in Fe2+-H2O2 and Fe2+-H2O2 + MoS2-QDs system; (B) 
The absorbance of methylene blue at 626 nm in Fe2+-H2O2 and Fe2+-H2O2 + MoS2-QDs system. The 














4.3.3.5 Emitting Species Study 
The annihilationin of MoS2(h
+) QDs and MoS2(e
-) QDs resulted in energy release in 
the form of CL emission35, which has been clarified through CL-emission spectrum. The 
CL emission spectrum at 490 nm is consistent with the fluorescence emission wavelength 
of MoS2 QDs was centered, which indicated that the CL emission is origin from MoS2 QDs. 




Fig. 4-13 The CL spectrum of MoS2 QDs-H2O2-NaOH system(red) and MoS2 QDs-H2O2-Fe2+ 
system(black). The solution conditions were 50μL of 0.1 M H2O2, 50L of 0.45mg/ml MoS2 QDs, 
50ul of 0.1 M NaOH and 50μL of 0.1 M Fe2+. 
 
To verify that this emission was from the recombination of MoS2(h
+) QDs and 
MoS2(e
-) QDs and not from the overlap of 1O2 and MoS2-QDs emission. The CL-emission 
was recorded in D2O as a solvent instead of H2O, because 
1O2 possess 13 times longer 
lifetime in D2O than in H2O
37. Generally, if the CL emission originated from 1O2, one 
would expect alteration of the kinetics reaction in D2O. However, no obvious change was 
observed, indicated no contribution of 1O2 to CL-emission due to the annihilation of 
electron-hole combination of MoS2(h
+) QDs and MoS2(e



















Fig. 4-14 (A) The comparison of CL of MoS2 QDs-H2O2-NaOH system in D2O and H2O reagent 
respectively. (B)The comparison of CL of MoS2 QDs-H2O2- Fe2+ system in D2O and H2O reagent 
respectively. 
 
Based on the discussion above, it can be concluded that MoS2-QDs are the main emitters 
in the CL system. The CL mechanism of the MoS2-QDs/H2O2 system can be mainly 
explained by reactive oxygen species generation and depletion. Hydroxyl radical activation 
increased the active catalytic sites on molybdenum disulfide quantum dots (MoS2-QDs). 
The activated MoS2-QDs promote the efficient generation of ROS from H2O2 solution in 
alkaline conditions and Fenton system (Scheme 2). The produced •OH and •O2
- 
serve as 
hole injector and electron injector convert MoS2-QDs to MoS2(h
+) QDs and MoS2(e
-)  
QDs. Electron-hole annihilation between the MoS2(h
+) QDs and MoS2(e
-) QDs resulted in 
the energy release with CL emission. 
 
MoS2(e
-) QDs + MoS2(h
+) QDs      MoS2* QDs (10) 
























In this chapter, we have demonstrated the excellent capability of MoS2-QDs toward 
ROS generation. We explored that, the synergistic effect of enhanced ROS production and 
ROS depletion were the main factors leading to the CL-emission of MoS2-QDs with H2O2 
in alkaline medium; and with Fenton reagent under neutral and acidic condition. These 
findings present a new pathway for ROS generation at all pH-range. Thus, MoS2-QDs have 
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Chapter 5 Conclusions 
 
The scope of this dissertation is the application of nanoparticles to develop new reactive 
oxygen (ROS) chemiluminescence systems and enhance the weak ROS chemiluminescence 
system. It contains 5 chapters. Chaper 1 is a general introduction of ROS 
chemiluminescence. The main reactive oxygen species and ROS chemilumimescence 
systems were described and reviewed. 
In Chapter 2, fluorescent carbon nanoparticles (FCNs) were found exhibiting hydrogen 
peroxide mimicking properties which as novel luminescent reagents, can directly react with 
luminol, NaHCO3 and NaHSO3 in alkaline conditions to yield novel chemiluminescence. It 
convinced that FCNs possessed the similar oxidation abilities to hydrogen peroxide, which 
was not only exhibited in CL performance but also in the chromogenic reaction with ABTS. 
We proposed that the CL arises from the peroxide group produced during the FCN 
preparation process, which makes FCNs mimic hydrogen peroxide properties when 
reacting with luminol NaHCO3 and NaHSO3. These finding are important as they open a 
new avenue for investigation of ultra-weak-CL.  
In Chapter 3, a simple, fast, ecofriendly, sensing method for the detection of Fe2+ ion in 
solution was developed via CL using N-CDs/H2O2. This method detected Fe
2+ with LOD of 
2×10-10 M, and a dynamic linear range of 1×10-6 to 1×10-9 M. No significant interference 
was observed from most of the tested cations, and also enabled the detection of Fe2+ in tap, 
lotus pond, and canal water samples. The non-laborious, use of eco-friendly reagents, 
cost-effective, selective, and sensitive detection make this method a significant tool for the 
analysis of Fe2+ in environmental samples. With continued refinement, the CL system could 
prove invaluable as an in situ monitoring tool to further explore temporal variations in Fe2+ 
speciation.   
In chapter 4, we found a novel chemiluminescence of MoS2-QDs reacting with hydrogen 





discovered that the promotion is due to hydroxyl radical activation increasing the active 
catalytic sites on molybdenum disulfide quantum dots (MoS2-QDs). The reactive oxygen 
species, such as hydroxyl radicals (
.
OH), superoxide radicals (
.
O2) and singlet oxygen (
1O2) 
have been efficiently generated from H2O2 solution in alkaline conditions. In addition, we 
also investigated the influence of MoS2-QDs on Fe(II)/H2O2 Fenton system. The CL of 
Fenton system was strongly enhanced and the maximum 
.
OH yield was enhanced 
significantly (9.18 times) compared to the Fe(II)/ H2O2 Fenton system under neutral 
conditions. The novel MoS2-QDs- Fe(II)/H2O2 system demonstrates excellent ability to 
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